We present a synthesis of diet information for all 78 species of extant African Bovidae (excluding goats and sheep), based on an extensive survey of the literature. We compiled data on food types (percentages of fruits, dicotelydons, and monocotyledons), seasonal and geographic variability, and body mass. Information reported in the literature was evaluated critically to assess its reliability. We performed cluster analyses to identify 6 discrete dietary strategies: frugivores, browsers, generalists, browser-grazer intermediates, variable grazers, and obligate grazers. We identified a positive correlation between an increase in the proportion of monocots in the diet and body mass, and a negative correlation between increases in proportions of dicots and fruits and body mass. We found some degree of correspondence between taxonomic groupings and dietary strategies. Species in the tribes Alcelaphini, Hippotragini, and Reduncini have high proportions of monocots in their diets. Cephalophini, with the exception of Sylvicapra, are frugivores. Tragelaphini and Neotragini, with the exception of Ourebia, have diets that include high proportions of dicots.
debeest (Connochaetes gnu) of the Serengeti, are very abundant and tend to dominate their ecosystems (Cumming 1982; McNaughton and Georgiadis 1986) . Others, such as the addax (Addax nasomasculatus), are rare and near extinction.
The abundance and diversity of modern African bovids is reflected in the geological past. More than 100 species are known from the fossil record of the past 16 million years, found mostly in Pliocene and Pleistocene deposits (Gentry 1990; Vrba 1995) . Fossil bovids are often used in studies attempting to reconstruct past ecological conditions. Because of their frequent association with the remains of early hominids, studies of fossil bovids form an integral part of the literature pertaining to the ecological context of early hominid evolution (Harris 1991; Kappelman et al. 1997; Spencer 1997; Vrba 1995) . Models of paleoecological reconstruction using fossil bovids are based on the extrapolation of ecological in- formation known for modern species (Janis 1995; Janis and Ehrhardt 1988) . This information is usually derived from a few, widely used references, such as Estes (1991) , Hofmann and Stewart (1972) , Kingdon (1982) , and Walker (1975) , and tends to be of a general and variable nature. As a consequence, ecological categories derived from these sources are often broad and nonstandardized. In this paper, we focus on the problem of compiling information on dietary preferences among extant species of African bovids.
Traditionally, bovids and other herbivores have been classified as either browsers or grazers. These terms are too simplistic for most purposes and several authors have proposed more detailed dietary classification schemes (Table 1) . Hofmann and Stewart (1972) described a commonly used system based on bovid stomach structure. Three main dietary categories, bulk and roughage eaters (grazers), selectors of juicy, concentrated herbage (browsers), and intermediate feeders, were further subdivided on the basis of relative amounts of plant types. More recently, Langer (1988) proposed a dietary rating scheme consisting of 6 categories, 4 of which roughly parallel those of Hofmann and Stewart. In contrast, Bodmer (1990) postulated that fruits are an important component of bovid diets and suggested that dietary categories be arranged along a continuum from frugivory to grazing, with browsing as an intermediate. Clearly, consensus is lacking regarding the characterization of dietary preferences among African bovids.
Our study presents a quantified synthesis of the dietary preferences of all 78 extant species of African bovids, based on an extensive review of the literature. We establish a new system of dietary classification for African bovids that can be compared with other previously published classifications. Our system of classification is not based on dietary categories determined a priori. Instead, we use cluster analyses of reported food types to identify diet categories a posteriori. We also examine influences of phylogeny and body mass on diet, because these have been suggested to be important factors influencing dietary preferences of bovids (Demment and Van Soest TABLE 2. -Common names, number of species, and taxonomic classification of African bovids used in this study (from Wilson and Reeder 1993 Reed 1998; Underwood 1983; Van Soest 1994) . Our analysis of bovid diets provides a baseline of ecological information for comparative studies of extinct and extant African bovids.
MATERIALS AND METHODS
We conducted a comprehensive review of the relevant literature concerning the dietary preferences of all extant species of African Bovidae (Table 2) , excluding the Caprinae (goats and sheep). We adopted the taxonomic classification of Wilson and Reeder (1993) , incorporating the most recent updates posted on the Mammals of the World site of the National Museum of Natural History (http://nmnhgoph.si.edu/msw). We compiled data on body mass, diet composition and variability, and evaluated the quality of the reported information (Table 3) .
Body mass was derived primarily from 5 sources: Kingdon (1982) , Walther (1990a Walther ( , 1990b Walther ( , 1990c Walther ( , 1990d , Estes (1991) , Nowak (1991) , and Silva and Downing (1995) . Ranges of published body mass for males and females (or unspecified) along with a single mass estimate for each species are listed in Table 3 . These estimates of mass are designed to investigate the relationship between size and diet. We selected a single estimate of mass to avoid computational difficulties associated with ranges of mass resulting from seasonal and geographic variation or sexual dimorphism. Also, many potential difficulties arise from estimating body mass from multiple literature sources. For example, reported data may represent only estimates, generic information is sometimes attributed incorrectly to species, sample sizes and variability are often not reported, and uncritical evaluation of the literature can result in the reporting of data that never existed (Smith and Jungers 1997, pertaining to primates) . To avoid some of these difficulties, the reported body masses were critically evaluated for each species. We estimated average mass of each species by combining reported ranges and averages for both males and females. Information was compiled from about 100 primary sources to determine dietary preferences of all 78 species of African bovids (Table 3) . Reports on diet varied tremendously among authors. Some used blanket terms such as grazing or browsing, whereas others offered detailed lists of plant taxa, plant parts, or relative proportions of food items. Some information was based on stomach content or fecal sampling, while some was based on behavioral observations. To standardize diet information in a simple and quantified scheme, relative proportions of 3 main, generally recognized food types were estimated: fruits (F), dicotelydons (D), and monocotyledons (M). Within fruits, we included reported food items such as fruits, tubers, bulbs, storage organs, concentrates, succulents, pods, and seeds. Dicots included leaves, buds, shoots, twigs, flowers, and blossoms of trees, shrubs, forbs, semiaquatic plants, and nongrassy herbs. Monocots included all forms of grasses, reeds, and sedges. With the diet information standardized in this fashion, dietary categories were determined on the basis of distribution of food types. That avoided forcing species into arbitrary feeding categories (e.g., browsers, grazers, intermediate feeders).
We devised a system to rate the nature of the reported data, scoring the information for each species as either precise, average, estimate, or inadequate (Table 3) . When sources provided exact percentages of food types (F, D, and M) from studies such as fecal analysis, stomach content analysis, or proportions of feeding observations, those numbers were reported directly, and the information was scored as precise. When several sources reported differing percentages of food types, mean values were calculated, and the information was scored as an average. In cases where percentages of food types were incompletely reported, missing percentages were estimated when explicit descriptions were provided. Some bovid species are not adequately known, and reported dietary information for them is typically vague or incomplete. In those situations, information was scored as inadequate. We judged dietary data as reliable when reported information was scored as precise or average. Estimated information was considered reliable only if reported descriptions were explicit and corroborated by several sources. Inadequately reported information was considered unreliable. Finally, we noted when the diet was reported as variable (Yes or No), due to seasonal, geographical, or habitat differences (Table 3) .
We used SPSS 6.0 for Macintosh (SPSS Inc. 1995) . Cluster analyses of dietary preferences were performed on a subset of species for which the dietary information was judged reliable. Four methods of combining clusters were used: between-group (UPGMA), within-group, nearest neighbor (single linkage), and Ward's methods (Everitt 1993) . Distances of the intervals between clusters were calculated using the Euclidean, squared Euclidean, Chebychev, and block measures (Everitt 1993) . Groups generated by the different clustering methods and distance determinants were compared. Finally, body mass and diet relationships were analyzed using Spearman correlation coefficients because of nonnormal data distribution. Correlation coefficients and cluster analyses were performed only on the sample of 42 species for which dietary proportions were considered reliable. Table 3 lists the compiled dietary information for all 78 extant species of African bovids, expressed as percentages of fruits, dicots, and monocots. Two species were inadequately known, and no attempt to quantify their diets was made. Dietary information reported for 42 of the species was detailed enough for the data to be considered reliable. For the remaining 34 species, sufficient dietary information was reported to allow approximations of their diets. Thirty-nine species had a diet that varied seasonally or geographically, including 27 of the 42 species for which the information was considered reliable.
RESULTS
In general, cluster analyses performed on the 42 species for which dietary information was considered reliable showed some consistent trends in identifying 4-7 dietary groups. However, various combinations of methods to determine clusters and calculate the distance between clusters produced Hofmann and Stewart 1972; Kingdon 1982; Lamprey 1963; Leuthold 1970 Leuthold , 1978a Leuthold , 1978b Emmons et al. 1983; Field 1972; Field and Laws 1970; Hofmann and Stewart 1972; Jarman 1971; Kingdon 1982; Lamprey 1963; Sinclair 1977; Skinner and Smithers 1990; Watson et al. 1969 Taurotragus Kingdon 1982 Geist and Bayer 1988; Harrison 1936; Hofmann and Stewart 1972; Kingdon 1982; Lamprey 1963; Skinner and Smithers 1990; Stewart and Stewart 1970; Van Zyl 1965; Wilson 1969a Wilson , 1969b Tragelaphus angasii Skinner and Smithers 1990; Walther 1990a Walther , 1990b Walther , 1990c Walther , 1990d n/a ϭ not available.
slight differences within those groups. Analyses using Ward's method of clustering or squared Euclidean distances tended to be more conservative and produced large groups that were distinct from one another within the 1st few steps of the analyses (Everitt 1993). In such cases, information on the relationships of individual species within groups was lost. In contrast, the betweengroup method of clustering required more steps to identify higher level groups but provided more information about dietary relationships of individual species within groups. Figure 1 shows results of a cluster analysis using the between-group method of clustering and the Euclidean distance measures, which best summarizes our results. The 1st group that separated was formed by clusters 1, 2, and 3. The 2nd group that separated was formed by cluster 7. The 3rd group that separated was formed by cluster 6, and the 4th group was formed by clusters 4 and 5. When transposed to a ternary diagram showing relative proportions of monocots, dicots, and fruits in the diet (Fig.  2) , 4 main diet groups were identified first: 1 with a high proportion of monocots, 1 with a high proportion of fruits, 1 with a high proportion of dicots, and 1 with a mix of fruits, dicots, and monocots. Fruit-eating species (cluster 7, Fig. 1 ) and dicot-eating species (cluster 6, Fig. 1 ) consistently formed homogeneous clusters that were clearly distinct from each other and from other groups (frugivores and browsers respectively; Figs. 1 and 2 ). Cluster analyses indicated that the 2 remaining diet groups could be further subdivided. Species with a mixed diet were divided into browser-grazer intermediates (cluster 4, Fig. 1 ), characterized by low proportions of fruits and intermediate proportions of dicots and monocots (B-G Int, Fig. 2 ), and generalists (cluster 5, Fig. 1 ), characterized by a combination of significant proportions of fruits, dicots, and monocots (Gen, Fig. 2) . Species that ate a high proportion of monocots were split in a variety of combinations. Three subgroups of grazers were identified (Fig.  1) . Clusters 1 and 2 were closer to one another than they were to cluster 3. However, cluster 1 represented a group with a diet almost exclusively composed of monocots and showing no seasonal or geographical variability. In contrast, species forming clusters 2 and 3 had diets that comprised a predominance of monocots but also showed seasonal or geographical variability. In our opinion, it made more sense ecologically to refer to species forming cluster 1 as obligate grazers (OG, Fig. 2 ) and species forming clusters 2 and 3 as variable grazers (VG, Fig. 2 ). We found no meaningful reason to separate clusters 2 and 3, because they seemed to form a gradient of variable grazers. The 6 groups ( Fig. 2) formed the basis of our classification of bovid diet.
The 34 species for which dietary information was considered unreliable (Fig. 2) fell perfectly within the 6 diet categories recognized in the analysis of the 42 reliable species. Therefore, we were confident in the validity of our identification of 6 dietary categories for the African bovids. Those categories were based on relative percentages of fruits, dicots, and monocots in the diet and were clearly distinct from one another. The diet of the frugivores consisted of Ͼ70% fruits and little or no monocots. Browsers had a diet that included Ͼ70% dicots. Obligate grazers had a diet composed of Ͼ90% monocots and showed no seasonal or geographic variability. Variable grazers consumed 60-90% monocots but showed seasonal and geographic variability. The diet of the browser-grazer intermediates consisted of 30-70% monocots and dicots but always Ͻ20% fruits. Generalists consumed Ͼ20% of all 3 food types.
A degree of correspondence occurred between taxonomic groupings and dietary categories (Table 4) . Frugivores were represented exclusively by the duikers (Cephalophus). The only other cephalophine, the monotypic genus Sylvicapra, was found among the browsers, along with the monotypic genus Pelea and some antilopines, tions, some generalizations were drawn. The alcelaphines, reduncines, and hippotragines had diets with a high proportion of monocots (obligate and variable grazers, Fig. 3a) . The cephalophines (except Sylvicapra) were frugivores (Fig. 3a) . The neotragines (except Ourebia) and tragelaphines usually had diets with high proportions of dicots (browsers, browser-grazer intermediates, and generalists, Fig. 3b ). Antilopines were found in all but 2 dietary categories (Fig. 3c) .
A relationship was found between body mass and the 6 dietary categories for all species (Fig. 4) . Categories were ranked according to increasing proportions of monocots in the diet (Fig. 2) . The Spearman correlation coefficient was significant (r 2 ϭ 0.324, P Ͻ 0.001), indicating a general trend in increasing body mass from frugivores and browsers to grazers. Spearman correlation coefficients were calculated to determine relationships between estimates of body mass and each of the 3 dietary components (Fig. 5) . Because we were comparing proportions of food types (% fruits, % dicot, and % monocot), only species for which dietary information was reliable were included. The proportion of monocots was correlated positively with body mass (r 2 ϭ 0.212, P ϭ 0.002). Both proportion of dicots (r 2 ϭ 0.113, P ϭ 0.030) and fruits (r 2 ϭ 0.112, P ϭ 0.030) were correlated negatively with body mass. However, those relationships were weak and may have been an artifact of the cluster of small-sized cephalophine frugivores.
DISCUSSION
Dietary classifications.-Our synthesis of the relevant literature concerning dietary preferences of African bovids provides diet information that we consider reliable for 42 of the 78 species. Sufficient information is available to estimate the dietary habits of 34 of the 36 remaining species. Therefore, useful information is available for 76 of the 78 species of African bovids. The 6 dietary categories (Fig. 2) are remarkably coherent for these 76 bovid species, despite the fact that dietary information for a significant portion of the species had to be estimated.
In our dietary classification scheme, species were not forced arbitrarily into a number of a priori categories. Instead, we identified groups a posteriori, based on discrete clusters of data points (Figs. 1 and 2) . We interpret these discrete clusters as distinct dietary strategies. We propose to classify the dietary preferences of African bovids into obligate grazers, variable grazers, browser-grazer intermediates, browsers, generalists, and frugivores (Table 4) . Interestingly, not all possible diet strategies are represented. For example, no browser-frugivore intermediates and no grazer-frugivore intermediates exist. Also, no groups occur that feed on high proportions of all food types. Although we recognize a gen- eralist category, these bovids prefer more dicots than fruits or monocots. Bodmer (1990) proposed a dietary continuum for all ungulates (Table 1) in which diets ranged along a gradient from frugivory to browsing to grazing. We agree with Bodmer that frugivory is important and should not be subsumed into browsing. However, our analyses indicate that Bodmer's broad classification scheme for all ungulates does not adequately represent dietary diversity found within African bovids. For example, we distinguish 2 types of grazers (obligate and variable) and identify generalists as separate from browser-grazer intermediates. Also, the absence of a browser-frugivore category and the discrete nature of the categories we identify argue against the concept of a leaf-fruit continuum in African bovids. Interestingly, Kay (1984) reported a browser-frugivore continuum among primates, which was perhaps a condition more typical of arboreal mammals.
The widely used dietary classification proposed by Hofmann and Stewart (1972) was based on a study of the stomach structure of 26 species of East African bovids. As shown in Table 1 sification is roughly parallel to ours, although a few differences are worth noting. Whereas we see a clear distinction between frugivores and browsers, Hofmann and Stewart (1972) grouped frugivores and browsers together. They separated intermediate feeders into those species that preferred grasses versus those that preferred dicots. In contrast, we recognize an intermediate group of species that incorporate comparable amounts of monocots and dicots in their diet, and a group of generalists that feed on all 3 types of food (although generalists favor dicots). Our treatment of grazers also is slightly different from that of Hofmann and Stewart (1972) . We separate variable grazers from obligate grazers, a distinction based on seasonal or regional variability, which can be assessed for all species. Hofmann and Stewart (1972) separated roughage grazers from fresh-grass grazers, a distinction based on food types. We agree with Hofmann and Stewart (1972) that a distinction between fresh grass and roughage is ecologically informative. Reed (1998) found that fresh-grass grazers were excellent predictors of edaphic grasslands. Unfortunately, such detailed data on food types are seldom reported in the literature and cannot be assessed for the majority of African bovids.
A similar problem is found with the dietary classification proposed by Van Soest (1994 , 1996 , which accounted for the ability of individual species to select their food items (i.e., plant parts). Van Soest adopted the classification of bovids and other nonruminant herbivores into the 3 main categories (browser, grazer, and intermediate) of Hofmann and Stewart (1972) , with finer gradations depending on the degree of selectivity. Unfortunately, data on food item selectivity rarely are reported in the literature and could not be included in the present study. Langer (1988) designed an herbivory-rating continuum for all herbivores, including African bovids (Table 1) . Because Langer's scheme included many mammal groups other than bovids, not all of his categories were relevant to our analysis. In dealing with ungulates, Langer emphasized the distinction between specialists (or grazers) and generalists (nongrazers). Similar to our results, his grazing specialists were further divided according to proportions of grass (Langer 1988) . However, he put all nongrazing species into 2 categories of generalists, which seemed to be distinguished by relative proportions of foliage. This is in contrast to our results, which identified 4 categories of nongrazing bovids and separated frugivores from browsers.
Compared to previous studies, our dietary classification of bovids is distinct in several ways. First, we identify discrete diet categories, with no evidence of a browserfrugivore continuum. Second, we propose the dietary category ''generalists'' as distinct from both browsers and browser-grazer intermediates. We identify 2 grazing strategies on the basis of relative proportions of monocots and the degree of seasonal or geographic variability. Finally, as Bodmer (1990) proposed, we recognize frugivory as a feeding strategy distinct from browsing.
Body mass.-Grazers tend to be the largest bovids, whereas the frugivores and browsers tend to be the smallest (Fig. 4) . A significant positive correlation exists between body mass and proportion of monocots in the diet and significant negative correlations exist between body mass and proportions of dicots and fruits (Fig. 5) . Hofmann (1989) did not find a link between body mass and diet. Instead, he suggested that stomach structure influenced digestive efficiency (and therefore diet preferences) regardless of body mass. Alternatively, the relationship between body mass and diet in bovids has been explained in terms of metabolic requirements (Cumming 1982; Demment and Van Soest 1985; Illius 1994, 1996; McNaughton and Georgiadis 1986; Underwood 1983; Van Soest 1994 , 1996 . This relationship can be summarized as follows. Smaller animals have proportionally higher energetic requirements relative to their body mass than do larger animals. In contrast, larger animals retain food in their alimentary canal for longer periods and so should be capable of digesting more fibrous foods. Studies of plant nutritional productivity for a variety of African ecosystems demonstrate that higher quality foods (young leaves and fruits) are relatively rare, whereas high-fiber, low-quality plants (stems, mature leaves, grasses) are abundant (Demment and Van Soest 1985) . These factors are generally accepted to restrict smaller bovids to diets of easily digestible, higher quality foods, whereas larger bovids can subsist on large quantities of poorer quality foods (Demment and Van Soest 1985) .
Recent studies (Conklin-Brittain and Dierenfeld 1996; Illius 1994, 1996) have found no changes in digestive efficiency among bovids with different dietary strategies. This, along with our finding of correlation between body mass and dietary components (Figs. 5a-c) , tends to support the metabolic relationship between body mass and diet. However, our relationship is weak (r 2 ϭ 0.324; Fig. 4 ), indicating that body mass is not the only factor influencing dietary preferences in bovids (cf. Langer 1988) . Mechanical constraints of large body mass have been suggested to possibly play a role in feeding preferences (Underwood 1983; Van Soest 1996) . Larger animals have mouths that are simply too unwieldy to select small, high-quality foods (Underwood 1983) .
Taxonomic groupings.-A certain degree of correspondence exists between taxonomic affiliation and dietary preferences (Fig.  3) . Some tribes display specialized diets, and others show a variety of feeding strategies. For example, alcelaphines, hippotragines, and reduncines include only grazing species, whereas cephalophines (with the exception of Sylvicapra) are frugivores (Fig. 3a) . Although less specialized, tragelaphines and neotragines (except for Ourebia) tend to prefer dicots (Fig. 3b ). In con-trast, antilopines are not specialized but include browsers, generalists, browser-grazer intermediates, and variable grazers (Fig.  3c) .
The correspondence of bovid taxonomic affiliation and ecological variables has been investigated previously by Vrba (1980 Vrba ( , 1985 . Vrba analyzed bovid census data from 16 sub-Saharan wildlife areas to investigate the association between relative abundance of tribes and habitat preferences. She reported consistent association between high frequencies of alcelaphines and antilopines and open grassland habitat. Low frequencies of alcelaphines and antilopines were associated with bush-covered areas (Vrba 1985) . Vrba argued that tribal habitat preferences were stable through their evolutionary history and therefore can be used to extrapolate past ecological conditions associated with fossil assemblages. However, as noted by Kappelman et al. (1997) , the assumption that fossil and extant members of a given clade displayed similar adaptive strategies cannot be tested and is therefore not justified.
Whereas Vrba (1980 Vrba ( , 1985 investigated the association between the relative abundance of bovid tribes and habitat preferences, our analysis focused on dietary preferences for all bovid species. Vrba observed that some tribes were predominantly found in certain habitats (i.e., alcelaphines and antilopines are more abundant in grasslands), whereas other tribes were found in a variety of habitats (hippotragines and tragelaphines). Similarly, we found that some tribes have specialized diets (i.e., alcelaphines, hippotragines, reduncines, and cephalophines), whereas others include species with a variety of diet strategies (i.e., antilopines, neotragines, and tragelaphines). With the exception of alcelaphines, we did not find a direct correspondence between the habitat-specific tribes identified by Vrba (1980 Vrba ( , 1985 and the diet-specific tribes identified here. For example, although antilopines are reportedly found predominantly in grasslands (Vrba 1980) , we found that they display a variety of dietary strategies (Fig. 3c ). This lack of correspondence is due to the wide variety of food types available in each habitat. For example, monocots may dominate grasslands, but dicots and fruits also are found in sufficient amounts to support nongrazing species (e.g., Litocranius). Similarly, monocot specialists can be found in woodlands and bush-covered habitats (e.g., some hippotragines).
Our results suggest the need for caution in using bovid tribal affinities for interpreting the paleoecology of fossil assemblages. Although not all tribes show cohesive habitat or diet preferences, in cases where bovid tribes show coherent ecological preferences, a strong correspondence does not necessarily exist between diet and habitat. Reed (1998) conducted an extensive analysis of bovid distribution across African habitats and concluded that ecological adaptations were more reliable indicators of environment than taxonomic affiliation. Our study will contribute to the understanding of the dietary diversity of extant and extinct African bovids.
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